Epigenetic regulation is crucial for the development of plants and for adaptation to a changing environment. Recently, genome-wide profiles of histone modifications have been determined by a combination of chromatin immunoprecipitation (ChIP) and genomic tiling arrays (ChIP on chip) or ChIP and high-throughput sequencing (ChIP-seq) in species including Arabidopsis thaliana, rice and maize. Validation of ChIP analysis by PCR or qPCR using positive and negative regions of histone modification is necessary. In contrast, information about histone modifications is limited in Chinese cabbage, Brassica rapa. The aim of this study was to develop positive and negative control primer sets for H3K4me3 (trimethylation of the 4 th lysine of H3), H3K9me2, H3K27me3 and H3K36me3 in B. rapa. The expression and histone modification of four FLC paralogs in B. rapa, before and after vernalization, were examined using the method developed here. After vernalization, expression of all four BrFLC genes was reduced, and accumulation of H3K27me3 was observed in three of them. As with A. thaliana, the vernalization response and stability of FLC repression correlated with the accumulation of H3K27me3. These results suggest that the epigenetic state during vernalization is important for high bolting resistance in B. rapa. The positive and negative control primer sets developed here revealed positive and negative histone modifications in B. rapa that can be used as a control for future studies.
Epigenetic regulation is crucial for the development of plants and for adaptation to a changing environment. Recently, genome-wide profiles of histone modifications have been determined by a combination of chromatin immunoprecipitation (ChIP) and genomic tiling arrays (ChIP on chip) or ChIP and high-throughput sequencing (ChIP-seq) in species including Arabidopsis thaliana, rice and maize. Validation of ChIP analysis by PCR or qPCR using positive and negative regions of histone modification is necessary. In contrast, information about histone modifications is limited in Chinese cabbage, Brassica rapa. The aim of this study was to develop positive and negative control primer sets for H3K4me3 (trimethylation of the 4 th lysine of H3), H3K9me2, H3K27me3 and H3K36me3 in B. rapa. The expression and histone modification of four FLC paralogs in B. rapa, before and after vernalization, were examined using the method developed here. After vernalization, expression of all four BrFLC genes was reduced, and accumulation of H3K27me3 was observed in three of them. As with A. thaliana, the vernalization response and stability of FLC repression correlated with the accumulation of H3K27me3. These results suggest that the epigenetic state during vernalization is important for high bolting resistance in B. rapa. The positive and negative control primer sets developed here revealed positive and negative histone modifications in B. rapa that can be used as a control for future studies.
INTRODUCTION
Epigenetic regulation is defined as changes in gene activity that are inherited through cell divisions without alteration of the DNA sequence. DNA wraps around histone protein octamers, each containing two of the core histones H2A, H2B, H3 and H4, to form the nucleosome, which is the basic unit of chromatin. Alteration of chromatin structure, which causes changes in transcription, is regulated by various post-translational modifications of the N-terminal regions of histone proteins, such as methylation or acetylation (Fuchs et al., 2006) . Epigenetic regulation operates not only for the control of processes involved in development, but also for adaptation to changing environmental conditions (Berr et al., 2011; Richards, 2011; Fujimoto et al., 2012) . In plant breeding, plants having desirable traits are selected from the population. Most of these traits are caused by genetic variation arising from spontaneous or artificially induced mutations. However, the possibility of selection of a particular epigenetic state, epigenetic selection, has been discussed, suggesting that the heritable epigenetic state is also important for plant breeding (Hauben et al., 2009; Springer, 2013) .
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Genome-wide profiles of epigenetic information define the epigenome, and are determined by a combination of chromatin immunoprecipitation (ChIP) and genomic tiling arrays (ChIP on chip) or ChIP and high-throughput sequencing (ChIP-seq), especially to detect methylation and acetylation of lysine residues on histone H3 because histone H3 undergoes the most extensive modification. In Arabidopsis thaliana, the genome-wide distribution patterns of histone modifications such as H3K4me (methylation of the 4 th lysine of H3), H3K9me, H3K27me and
H3K36me have been examined (Turck et al., 2007; Zhang et al., 2007 Zhang et al., , 2009 Bernatavichute et al., 2008; Oh et al., 2008; Roudier et al., 2011) . More than 90% of the three types of H3K4me (H3K4me1, H3K4me2 and H3K4me3) are localized in genic regions including promoters, and H3K4me3 is associated with actively transcribed genes . H3K36me3 is also enriched in genic regions, especially in highly expressed genes . By contrast, H3K9me2 is observed in pericentromeric heterochromatin regions, especially in transposable elements (TEs), and H3K27me3 is observed in genic regions with a low level of transcription and in a tissuespecific manner (Turck et al., 2007; Zhang et al., 2007; Zhang et al., 2008) . Thus, H3K4me3 and H3K36me3 are associated with gene activation, while H3K9me2 and H3K27me3 are associated with gene repression, in A. thaliana. The transcriptional regulation of genes involved in flowering time or flower organ identity is controlled in part by chromatin regulation (Kaufmann et al., 2010) . One of the well-known mechanisms controlled by chromatin regulation is vernalization, which is defined as "the acquisition or acceleration of the ability to flower by a chilling treatment" (Groszmann et al., 2011) . One key determinant of vernalization in A. thaliana is FLOWER-ING LOCUS C (FLC). FLC encodes a MADS box DNAbinding protein and acts as a floral repressor (Michaels and Amasino, 1999; Sheldon et al., 1999) . FLC is expressed prior to cold exposure and its expression is repressed by vernalization. Before prolonged cold exposure, FLC chromatin has the active histone mark H3K4me3, and this active epigenetic state shifts to an epigenetically repressed state, associated with an increase of H3K27me3, following vernalization, and FLC expression is reduced (Groszmann et al., 2011) . H3K27me3 addition is catalyzed by the Polycomb Repressive Complex 2 (PRC2) (Simon and Kingston, 2009) . Chinese cabbage (Brassica rapa L. var capitata), which is a close relative of A. thaliana, is vernalization-sensitive and has four FLC paralogs whose expression is repressed by vernalization, similar to A. thaliana (Kim et al., 2007; Zhao et al., 2010) .
To perform an epigenome analysis of any histone modification, validation of ChIP analysis by PCR or qPCR using regions that are positive and negative for histone modification is necessary. However, few genes have been shown to be associated with H3K4me3, H3K9me2, H3K27me3 or H3K36me3 modifications in B. rapa. In addition, there are no reports examining the histone modification of BrFLC genes before and after vernalization, although BrFLC genes are expected to act similarly to FLC in A. thaliana. In this study, we developed positive and negative control primer sets that are suitable for validation of ChIP analysis against four histone modifications, H3K4me3, H3K9me2, H3K27me3 and H3K36me3. We also examined the histone states of the four FLC paralogs in B. rapa before and after vernalization.
MATERIALS AND METHODS
Plant materials and growth conditions Previously, we developed the RJKB series of Chinese cabbage inbred lines (Shimizu et al., 2014) . In this study, two of these inbred lines, RJKB-T23 and RJKB-T24, were used as plant material. Plants were grown on MS plates with 1.0% (w/v) sucrose under long day conditions (16 h light) at 21 °C. Plants were harvested at 14 days after sowing for expression and ChIP analyses. For vernalizing cold treatments, seeds were surface-sterilized and placed on MS plates with 1% (w/v) sucrose for four weeks at 4 °C under long day conditions (16 h light). Plant materials were harvested at the end of four weeks of cold treatment, or four-week vernalization, followed by seven or 12 days of normal growth conditions. Chromatin immunoprecipitation (ChIP) ChIP experiments were performed as described by Buzas et al. (2011) Purified immunoprecipitated DNAs were amplified using a whole-genome amplification kit (Sigma, GenomePlex Kit, WGA2) and cloned into pGEM-T Easy vector (Promega). Individual clones were sequenced, and the location of sequenced fragments in the reference genome of B. rapa (Brassica genome release v1.5), Chiifu-401, was examined by BLAST search using the Brassica Database (http://brassicadb.org/brad/). For ChIP-PCR, immunoprecipitated DNA was amplified using Quick Taq HS DyeMix (Toyobo). The PCR reaction was performed using the following conditions: 94 °C for 2 min, followed by 30 cycles of 94 °C for 30 s, 58 °C for 30 s and 68 °C for 30 s. ChIP-qPCR was performed using a LightCycler Nano (Roche). The immunoprecipitated DNA was amplified using FastStart Essential DNA Green Master (Roche). PCR conditions were 95 °C for 10 min followed by 40 cycles of 95 °C for 10 s, 60 °C for 10 s and 72 °C for 15 s, and a Melting program (60 °C to 95 at 0.1 °C/s). After the amplification cycles, each reaction was subjected to melt temperature analysis to confirm single amplified products. Data presented are the average and standard error (SE) from three biological and experimental replications. Primer sequences used in this study are shown in Supplementary Table S1 .
RNA extraction and RT-PCR/qPCR Total RNA was isolated from cotyledons or 1 st and 2 nd leaves using the SV Total RNA Isolation System (Promega). cDNA was synthesized from 500 ng total RNA using ReverTra Ace qPCR RT Master Mix with gDNA Remover (Toyobo).
The cDNA was PCR-amplified using Quick Taq HS DyeMix (Toyobo). The PCR reaction was performed using the following conditions: 94 °C for 2 min, followed by 30 cycles of 94 °C for 30 s, 58 °C for 30 s and 68 °C for 30 s. RT-qPCR was performed by the same methods as ChIPqPCR (see above), using the cDNA as a template. The expression level of each gene relative to Bractin was calculated using automatic CQ calling according to the manufacturer's instructions (Roche) (Fujimoto et al., 2006) . Data presented are the average and SE from three biological and experimental replications. Primer sequences are shown in Supplementary Table S1 .
RESULTS

Classification of expression levels by RNA sequencing analysis
We previously examined the transcriptome of 14-day-old 1 st and 2 nd leaves of the Chinese cabbage inbred line RJKB-T24 (Shimizu et al., 2014) . Of 41,029 genes, 13,283 (32.4%) did not have any mapped reads; these were categorized as Group-0 (Fig. 1 ). The FPKM (fragments per kilobase of transcript per million mapped reads) of the remaining genes, which had at least one mapped read, was calculated. We divided the levels of gene expression into six groups using the log 2 score of FPKM, as follows: Group-6 (highest), log 2 score of FPKM (x) is greater than 9.0; Group-5, 6.0 < x < 9.0; Group-4, 3.0 < x < 6.0; Group-3, 0.0 < x < 3.0; Group-2, -3.0 < x < 0.0; Group-1 (lowest), x < -3.0. The average of the log 2 FPKM scores was 2.76, and the distribution from Group-1 to Group-6 was 1.2%, 9.1%, 21.7%, 30.9%, 4.4% and 0.2%, respectively (Fig. 1) .
Screening of positive and negative control primer sets to confirm the enrichment of histone modification H3K4me3 and H3K36me3 are known as active Fig. 1 . Classification of expression level from RNA sequencing data. Group-0, no mapped reads; Group-1, log 2 (FPKM) < -3.0; Group-2, -3.0 < log 2 (FPKM) < 0.0; Group-3, 0.0 < log 2 (FPKM) < 3.0; Group-4, 3.0 < log 2 (FPKM) < 6.0; Group-5, 6.0 < log 2 (FPKM) < 9.0; Group-6, 9.0 < log 2 (FPKM histone marks, while H3K9me2 and H3K27me3 are known as repressive histone marks. To identify regions having these histone marks, we selected five genes categorized in Group-6 and six in Group-0/1. All five genes in Group-6 showed amplification by ChIP-PCR using the antibody against H3K4me3, and none of the five were amplified using the antibody against H3K9me2 (Table 1) . Three genes showed amplification by ChIP-PCR using the antibody against H3K27me3 and two using the antibody against H3K36me3 (Table 1) . Of six genes categorized in Group-0/1, only one, Bra018355, showed amplification by ChIP-PCR using the antibody against H3K4me3 and H3K27me3, while the other five genes showed no amplification using any of the four antibodies (Table 1) . Next, we examined the histone methylation status of five Chinese cabbage genes orthologous to A. thaliana genes with an H3K27me3 mark: AG, AGL19, FUSCA3, FWA and STM (Turck et al., 2007; Zhang et al., 2007) . The expression level of these five genes was low in leaves except for Bra020826 (Group-4), one of the AGL19-orthologous genes (Table 2) . ChIP-PCR using antibodies against H3K4me3, H3K9me2, H3K27me3 and H3K36me3 showed that four of the tested genes (except for AGL19) had only the H3K27me3 mark, while AGL19 had the H3K4me3 mark in addition to the H3K27me3 mark (Table 2) .
To identify regions having the H3K9me2 mark, we assessed histone status in transposable elements (TEs), as it is known that TEs have heterochromatic epigenetic marks such as DNA methylation and H3K9me2 (Bernatavichute et al., 2008) . We generated primer sets in two TEs, STF7aL and STF12bL, which are expressed and known to have DNA methylation in the leaves (Fujimoto et al., 2008) , and in five randomly selected TEs, termed TECP1-5. The histone status of these seven TEs was examined by ChIP-PCR using the same four antibodies. STF7aL, TECP2 and TECP4 had all four histone marks, while TECP1, TECP3 and TECP5 did not have any histone mark. STF12bL had only H3K9me2 (Table  3 ). The expression state of these five TECPs was examined by RT-PCR, and all except for TECP3 were expressed (Fig. 2) .
Screening of region s having H3K9me2 and
H3K36me3 modifications To find more regions hav- Table S3 ). We validated four and three regions having H3K9me2 and H3K36me3, respectively, in genic regions by ChIP-PCR, and all regions showed enrichment of H3K9me2 or H3K36me3 modifications (Table 4) .
Validation of the positive and negative control primer sets For H3K4me3, H3K9me2, H3K27me3 and H3K36me3, we developed positive and negative control primer sets which come from regions with and without histone modifications, respectively, in RJKB-T24 (Table  5 ). These primer sets were applied to another Chinese cabbage inbred line, RJKB-T23. All primer sets showed the enrichment of targeted histone modifications in RJKB-T23 (Fig. 3) , indicating that these primer sets can be used for confirming the enrichment of each histone modification in B. rapa.
Accumulation of H3K27me3 in FLC genes after vernalization
In A. thaliana, before vernalization, a key gene controlling flowering time through vernalization, FLC, is expressed and has the active histone mark H3K4me3. This active state shifts to an epigenetically repressed state, with increased H3K27me3, following vernalization, and FLC expression is reduced (Bastow et al., 2004; De Lucia et al., 2008) . In B. rapa, there are four FLC genes and two VIN3 genes, whose orthologs in A.
thaliana are activated by vernalization (Sung and Amasino, 2004) . In the RNA-seq data, transcripts of all four BrFLC genes were detected (Table 6 ) and BrVIN3 expression level was either very low (Bra006824, FPKM = 0.29, Group-2) or undetectable (Bra020445, Group-0) in 14-day-old seedlings of RJKB-T24. SNP information from RNA-seq data spanning the BrFLC genes showed that Bra006051/BrFLC-3, Bra022771/BrFLC-5 and Bra028599/BrFLC-2 in RJKB-T24 did not have any SNPs compared to the reference genome. Bra009055/BrFLC-1 had 2 SNPs, one a synonymous substitution and the other a non-synonymous substitution ( 20 Pro → Thr). From this SNP information, all BrFLCs in RJKB-T24 could be functional except for BrFLC-5, which is truncated.
The expression levels of BrFLC and BrVIN3 genes before and after vernalization were examined using primer sets that can amplify all four BrFLC genes and both of the BrVIN3 genes in RJKB-T24. We treated seeds for four weeks at 4 °C, at the end of which time their developmental stage was similar to that of seedlings at two days after sowing under normal growth conditions. The expression level of BrFLCs immediately after this treatment (the four-week vernalization samples) was reduced. After four-week vernalization, plants were transferred to normal growth conditions for either seven or 12 days. Cotyledons were fully opened and 1 st and 2 nd leaves had appeared in the four-week vernalization plus seven days normal growth treatment. In the four-week vernalization plus 12 days normal growth treatment, 1 st and 2 nd leaves were enlarged and plants were similar to the 14-day-old plants under normal growth conditions. The repression of BrFLCs was maintained following the return to ambient temperature (Fig. 4A) . Expression of BrVIN3 genes was activated after prolonged cold treatment, and their expression level reverted to that observed before cold treatment when the seedlings were returned to normal growth conditions (Fig. 4B) . There was no significant difference in expression levels of BrFLCs or BrVIN3s in two-, four-and six-day-old cotyledons and 10-and 14-day-old 1 st and 2 nd leaves grown under normal conditions (data not shown).
We examined the H3K27me3 modification in BrFLC genes before and after vernalization. We developed BrFLC-specific primer sets around the first exon, and performed ChIP-PCR using the 1 st and 2 nd leaves before prolonged cold treatment. All four BrFLC genes had the H3K4me3 but not the H3K27me3 modification (Table 6 ). ChIP-qPCR using H3K27me3 antibody was performed on the four BrFLC genes, and the orthologs of MAF1 (Bra024350) and FWA (Bra013898), before and after fourweek vernalization (Fig. 5) . Before vernalization only the FWA gene showed enrichment of H3K27me3, and there was no change in the level of H3K27me3 accumu- Seeds were sown on MS medium and treated for vernalization (four weeks, 4 °C). Total RNAs in cotyledons (C) were isolated after four-week vernalization (4wkV-(C)) or four-week vernalization plus seven days normal growth conditions (4wkV + 7d (C)). Total RNAs in leaves (L) were isolated after four-week vernalization plus seven days (4wkV + 7d (L)) or 12 days (4wkV + 12d (L)) normal growth conditions. Total RNAs in leaves at 14 days after sowing without vernalization were used as control (14DAS-NV (L)). (Fig. 5, Supplementary Fig. S1 ), suggesting that the H3K27me3 status not only in FWA but also in STM was stable during vernalization treatment. After the four-week vernalization treatment, Bra006051/BrFLC-3, Bra009055/BrFLC-1 and Bra028599/ BrFLC-2 showed a > 20-fold increase in the level of H3K27me3, and FWA showed enrichment of H3K27me3 but to the same level as before vernalization (Fig. 5 , Supplementary Fig. S1 ). The increase of H3K27me3 in Bra006051/BrFLC-3, Bra009055/BrFLC-1 and Bra028599/ BrFLC-2 was maintained when plants were returned to normal growth conditions for 12 days (Fig. 5 , Supplementary  Fig. S1 ). The accumulation of H3K27me3 in MAF1 was also increased (four-fold) after four-week vernalization, and was further increased (ten-fold) when the plants were returned to normal growth conditions for 12 days (Fig. 5 , Supplementary Fig. S1 ).
DISCUSSION
To identify genomic regions with the active histone marks H3K4me3 or H3K36me3 in B. rapa, we selected five genes with a high expression level using previous RNA-seq data (Shimizu et al., 2014) . All five genes showed enrichment of H3K4me3, while two out of the five genes showed enrichment of H3K36me3. This demonstrates that we can efficiently identify H3K4me3, but not H3K36me3 regions, using RNA-seq data. To identify regions having H3K36me3, we determined the sequences of 32 DNA fragments having H3K36me3, and approximately 50% of the fragments (17/32 genes) were in genic regions. Thirteen of these 17 genes (76.5%) were categorized as Group-4 or -5, and this percentage was higher than that of Group-4 or Group-5 among total genes (35.3%). These results indicate that H3K4me3 and H3K36me3 are enriched in transcriptionally active genes in B. rapa, similar to other plants (Oh et al., 2008; Zhang et al., 2009; Roudier et al., 2011; Chen et al., 2011; Chen et al., 2013) .
Next, we identified regions with H3K9me2 or H3K27me3, which are repressive histone marks. We selected six genes with low or no expression level from RNA-seq data, and one gene, Bra018355, showed enrichment of H3K27me3, but enrichment of H3K9me2 was not seen in any of the analyzed genes, suggesting that it is difficult to predict regions with H3K9me2 or H3K27me3 based on RNA-seq data. As TEs are associated with H3K9me2 in A. thaliana, we examined the enrichment of H3K9me2 in seven TEs; two (STFs) are highly methylated (Fujimoto et al., 2008) and four had H3K9me2, and these four TEs were expressed. Although the primer sets in TEs amplified both active and silenced copies of TEs, there was no correlation between the expression levels and enrichment of H3K9me2. We also determined the sequences of 110 DNA fragments having H3K9me2, and 81 of 110 fragments (76.3%) were in TEs, indicating that H3K9me2 is associated with TEs, consistent with previous reports in A. thaliana Bernatavichute et al., 2008) . To identify regions having H3K27me3, we selected five genes in B. rapa that are orthologous to A. thaliana genes having a H3K27me3 mark. All five genes had H3K27me3, and four of the five were not expressed in leaves. H3K27me3 distribution patterns are highly conserved between natural accessions in A. thaliana (Moghaddam et al., 2011; Deng et al., 2013; Dong et al., 2013) , suggesting that H3K27me3-targeted genes are conserved between A. thaliana and B. rapa.
It is difficult to predict H3K9me2-, H3K27me3-and H3K36me3-marked regions from RNA-seq data, but we identified regions with and without these four histone modifications in the Chinese cabbage inbred line RJKB-T24 by sequencing the DNA fragments of ChIP products or using epigenome information in A. thaliana. Using the results of ChIP-PCR in RJKB-T24, we developed primer sets for positive and negative regions of H3K4me3, H3K9me2, H3K27me3 and H3K36me3. We applied these primer sets to another Chinese cabbage inbred line, RJKB-T23, and confirmed the enrichment of all four histone modifications, indicating that these primer sets for histone modifications are useful for ChIP analysis in Chinese cabbage and may be applicable to other B. rapa varieties such as turnip, komatsuna, and pak choi. These positive and negative primer sets will be useful as controls to examine histone modification status in a specific gene by ChIP-PCR/qPCR, or at the whole genome level by ChIP-seq, in B. rapa.
In leafy vegetables such as Chinese cabbage, high bolting resistance is an important trait for cultivation. In B. rapa, co-localization of flowering time QTLs and BrFLC genes suggested that genetic mutation of BrFLC genes causes flowering time variations (Schranz et al., 2002; Li et al., 2009; Yuan et al., 2009; Zhao et al., 2010; Kakizaki et al., 2011; Kitamoto et al., 2014) . However, there are no reports examining the epigenetic state of BrFLC before and after vernalization or the stability of the epigenetically repressed state after plants return to warm conditions in B. rapa. The vernalization response and stability of FLC repression are correlated with the accumulation of H3K27me3 in A. thaliana (Shindo et al., 2006; Coustham et al., 2012) , suggesting that chromatin state during vernalization is important for high bolting resistance in B. rapa. We examined the histone modifications of four FLC paralogs in B. rapa. From RNA-seq data, all four BrFLC paralogs were expressed in leaves growing in normal conditions; three (BrFLC-2, -3 and -5) had H3K4me3, and BrFLC-1 had both H3K4me3 and H3K36me3. BrFLC-5 was expressed in leaves, but this is likely a pseudogene because the FLC protein is truncated. Interestingly, there was no accumulation of H3K27me3 in BrFLC-5 after vernalization in spite of the reduction of its expression after vernalization. As high levels of H3K27me3 are important for the maintenance of FLC silencing in A. thaliana (Finnegan and Dennis, 2007; De Lucia et al., 2008) , repression of BrFLC-5 expression by vernalization may simply be a temporal change. Accumulation of H3K27me3 was observed in BrFLC-1, BrFLC-2 and BrFLC-3, and H3K27me3 levels were stably maintained after the return to warm conditions, suggesting that the reduction in expression of the three BrFLC paralogs is associated with increased H3K27me3 and thus that repression of BrFLCs is maintained by H3K27me3 in B. rapa. In A. thaliana, the first intron, in addition to the promoter region and exon 1, is important for the maintenance of FLC repression (Sheldon et al., 2002) , and a long non-coding RNA, COLD ASSISTED INTRONIC NONCODING RNA (COLDAIR), which is required for targeting the PRC2 complex to FLC, is expressed from the mid-region of the first intron (Tsai et al., 2010; Heo and Sung, 2011) . Natural variation of the vernalization response is due to non-coding cis variation within FLC in A. thaliana (Coustham et al., 2012; Li et al., 2015) . Among three BrFLC paralogs in B. rapa, the sequence and length of the first intron vary, and there is no sequence similarity in the first intron of BrFLCs to COLDAIR in A. thaliana. The association between an insertion in the first intron and weak repression of BrFLCs by vernalization has been identified in a latebolting line in B. rapa (Kitamoto et al., 2014) . We have shown here that the repression of three FLC paralogs by vernalization is associated with the change of epigenetic state in B. rapa. However, further experiments will be required for determining the regions important for recruitment of H3K27me3 or the response to vernalization in B. rapa.
